Emergence, development and cessation of superconductivity in three representative compounds of copper oxide families-cation doped Ca 2−x N a x CuO 2 Cl 2 and La 2−x Ae x CuO 4 (Ae = Ba, Sr), 
I. INTRODUCTION
Superconductivity emerges, develops and ceases in a class of copper oxides depending on cation doping or oxygen enrichment. Here that dependence is explained with the Coulomboscillator model of superconductivity.
1 Representative compounds of three copper-oxide families will be discussed where the CuO 2 planes occur (1) as a single plane in the unit cell, Ca 2−x N a x CuO 2 Cl 2 , (2) as staggered double planes, La 2−x Ae x CuO 4 with alkaline-earth dopants Ae = Ba or Sr, and (3) as aligned double planes, Y Ba 2 Cu 3 O 6+x . After some general considerations which concern all three cuprate families, the single-plane case provides the best opportunity to explore a superlattice imposed by N a doping of the sandwiching CaO layers. The superlattice concept carries over to the compound family with staggered double planes, also doped by cation substitution. The stark contrast with the single-plane case results from the staggering, while an internal distinction between the sister compounds originates with structural details and the different size of doping ions, Ae 2+ = Ba 2+ or Sr 2+ .
In the case of Y Ba 2 Cu 3 O 6+x , oxygen enrichment indirectly gives rise to an effective doping in the CuO 2 planes themselves (Cu 2+ → Cu 3+ ). Here superconductivity is dominated by the ionization of the planar unit areas as they aggregate to domains.
II. GENERAL CONSIDERATIONS
The semiclassical Coulomb-oscillator model of superconductivity attributes non-resistive electron current exclusively to the motion of the atoms' outer s electrons through the nuclei of neighbor atoms (axial Coulomb oscillation). Superconductivity is destroyed if the electrons' accompanying lateral oscillation, halfway at and perpendicular to the internuclear axis, extends between neighbor atoms. (The model's neglect of the electrons' wave character prevents the notion of connecting both oscillation modes in a continuous process. However, one can imagine that on average each electron spends half the time in either axial or lateral oscillation.) The third tenet of the Coulomb-oscillator model of superconductivity is the squeeze effect, whereby a compression of the atoms that provide the relevant outer s electrons causes a reduction of lateral oscillation width. The difference ∆y between the lateral oscillation width, B0B, and the lateral confinement limit, B0B, is a proportional measure for the transition temperature of superconductivity, B0B − B0B ≡ ∆y ∝ T c . Only the electronic aspect, 3s, will be discussed here as it affects superconductivity. ions-parallel to the a or b axis. Because of their lesser nuclear separation, and being twice as numerous, the Coulomb oscillations of the nn case dominate over those of the nnn case.
Another distinction is that the lateral oscillations that accompany the Coulomb oscillations of 3s electrons between nn O 2− ions always overswing, not only in the undoped crystal but also in the doped compounds, treated below. Those 3s electrons diffuse through the CuO 2 plane by random axial or lateral overswing. Such diffusion scenarios are schematically depicted in Fig. 1 for two 3s electrons-for sake of demonstration, one only by Coulomb oscillations between nn oxygen pairs, the other between nnn pairs. In reality combinations of both cases occur.
In the framework of band theory the delocalized 3s electrons in the CuO 2 plane fill quantum states in the reciprocal lattice (k space). observed that the antiferromagnetic phase of the undoped crystal is destroyed for doping x > 0.02. In the underdoped range, 0 < x < 0.125 = 1/8, a square superlattice of spacing
evolves in the CuO 2 plane, determined by vertical N a + pairs (parallel to the crystal's c axis)
residing in the cation layers above and beneath.
For a familiarization with domain geometry, consider the frame in on the corners of the shifted frame and demark a planar unit cell of the superlattice, here
For the relevant range of underdoping, 0.02 < x < 0.125, this corresponds to domain-size shrinking from 10a 0 to 4a 0 . In fact, the destruction of the antiferromagnetic ground state at x = x 10 ≡ 0.02 occurs when the superlattice spacing is A + = 10a 0 . Preservation of crystal symmetry requires a discrete spacing of N a + pairs at (or very close to) integer multiples of the lattice constant, A + n = na 0 , that is, n = 10, 9, ..., 4, for the non-antiferromagnetic underdoped range. As we'll see, many compound properties of Ca 2−x N a x CuO 2 Cl 2 show a continuous doping dependence. How can that be understood in terms of discrete domain sizes, A Since the potential well in the epaulet region is more attractive than in an undoped crystal, 3s electrons that laterally overswing owing to thermal assistance, still hover about the epaulet region rather than diffuse throughout the CuO 2 plane (that is, unlike the illustration in Fig. 1 ). Lost to superconductivity, they still maintain much of the epaulets' unidirectional symmetry which can be observed at T > T c in terms of charge stripes. In this view some of the charge-stripe order can be regarded as "spilled 3s epaulets."
A simple model quantifies the concept of epaulet connectivity by epaulet overlap in ad-
Normalized to unity for maximum overlap at x = x 4 , epaulet connectivity emerges when the domain size attains the epaulet length, A + (x 6 ) = L E = 6a 0 , and ϑ(x) increases with shrinking with domain size A + (x) for increased doping. The graph of ϑ(x) in Fig. 4a shows the ascending arc of a cusped dome for the underdoped regime, 0 < x < x 4 .
We obtain a relation of epaulet connectivity with the transition temperature of superconductivity by the assumption of a compound-dependent robustness factor ρ,
The connected E + -E + epaulets, looking like sidepieces of a ladder, can be made visible with asymmetric scanning tunneling microscopy (STM). 2, 3 They are found to be in qualitative agreement with the pattern in Fig. 3 . Also visible in the STM images and in Fig. 3 are isolated local Coulomb oscillators farther away from the dopant N a + pairs-the rungs of the ladder-that don't contribute to superconductivity.
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The A + (
) superlattice, being completed, persists in the subsequent overdoped
cornered by the positions of new N a + pairs, with superlattice constant
Its coordinate origin is displaced from that of the persisting superlattice, A + ( relation to the spacing of the A × (x) superlattice,
shown by the descending arc of the cusped dome in Fig. 4a .
If it was not for secondary influences, the doping dependence of the superconductive transition temperature, T c (x) would, by Eq. and for x → 1/4. However, a new aspect arises in the present double-sandwich situation.
The ensuing mechanism will plough into the previous cusped ϑ(x) dome (dashed line) a deep furrow at x 4 , leaving a double hump (solid line in Fig. 7a ).
Let's assume that in the relevant underdoped regime, x 10 < x < x 4 , dopant Ae Increased doping in the superconducting underdoped regime, x 6 < x < x 4 , tends to enhance, in the top CuO 2 plane, epaulet connectivity by E + -E + overlap, as mentioned. But it also tends to frustrate those E + -E + connections by the perpendicular ion displacements about the × positions in the top CuO 2 plane due to the Ae 2+ pairs at + in the bottom sandwich of the same cell and of the unit cell above.
Recall the single CuO 2 -plane compound Ca 2−x N a x CuO 2 Cl 2 , where we had epaulet connectivity exclusively by E + -E + overlap in the underdoped regime, followed by E × frustration in the overdoped regime, both of which resulted in the cusped ϑ(x) dome of Fig. 5a . In 
The first term in Eq. (6) arises from E + -E + overlap. The second term expresses a modulation due to simulataneous frustration from E + . Note that the second (frustrating) term has the same doping dependence as in Eq. (5) and E × frustration on epaulet connectivity in the overdoped regime is modeled by
Note that the first term in Eq. (7), expressing the E × → E + boost and modulating the E × frustration of the second term, is mirror-symmetric (with respect to x = 1/8) to the second term in Eq. (6) that there modulated E + -E + connectivity by frustration from Ae 2+ (+) pairs aligned with × positions.
Combining epaulet connectivity ϑ(x) with a compound-specific robustness factor ρ, Eq. 
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The Cu 2+ -Cu 3+ pair in the CuO 2 plane will "fight" for the single 3d 
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Superconductivity is absent when the crystal is tetragonal (0 < x < 1/3) but emerges at the transition to the orthorhombic phase at x = 1/3. The profile of the transition temperature T c (x) differs distinctly from the dome or humps of the previous compounds:
(1) It never decreases with oxygen enrichment, rising from T c (0.33) = 0 → T c (0.93) = 92 K (no measurements are reported for 0.93 < x < 1). (2) Instead of a smooth semidome arc, the increase of T c (x) occurs essentially in two steps, each with a sharp rise followed by a range of constant value, called "plateau," to wit T c 57 K and T c 90 K (see Fig. 11 ).
The width ∆x of the ramps and plateaus is essentially equal, dividing the orthorhombic phase of oxygen enrichment into four parts, ∆x = Superconductivity is destroyed when the lateral 3s confinement becomes subject to dy- Equipped with Fig. 12 as an orientation device, we can now explore the sitation in greater detail. To this end we inspect the CuO 2 plane at the values of oxygen enrichment,
x n = n/6, n = 2, ..., 5, that mark the onset of a T c (x) ramp or plateau. Also, we'll observe the ensuing changes when these cases are enriched by one additional O atom in the oxygen chain. Figure 13 
T c 57 K, where the CuO 2 plane is continguously paved by those wide-track copper rectangles.
It takes a lesser amount of thermal energy,ε(x) < ε, to destroy percolating connections of wide-track [4Cu 2.5+ ] copper rectangles (forming superconducting cross islands). The corresponding transition temperatureT c (x) is in proportion to the robustness of percolating connectivity of such copper rectangles, which in turn is proportional to their multitude (density in the CuO 2 plane). This qualitatively explains the linear rise of the transition temperature in the ramp range of oxygen enrichment, Insertion of one O atom in the oxygen chain above the × mark in Fig. 15 -majority and, respectively, 1 3
-minority of those copper rectangles (see Fig. 17 ).
Adding one O atom in the oxygen chain above the × mark in Fig. 17 Two final remarks seem in order: (1) It is a direct consequence of the crystal structure of Y Ba 2 Cu 3 O 6+x that both the tetragonal → orthorhombic phase transition (at x = 1/3) and the onset of T c ramps and plateaus (at x n = n/6, n = 2, ..., 5) occur at simple ratios of oxygen enrichment. (2) The confinement of lateral 3s electron oscillation between nnn O 2− ions to either wide or narrow electron tracks seems to be quantized and calls for confirmation with quantum-mechanical methods. 
